Arhodomonas sp. strain Seminole was isolated from a crude oil-impacted brine soil and shown to degrade benzene, toluene, phenol, 4-hydroxybenzoic acid (4-HBA), protocatechuic acid (PCA), and phenylacetic acid (PAA) as the sole sources of carbon at high salinity. Seminole is a member of the genus Arhodomonas in the class Gammaproteobacteria, sharing 96% 16S rRNA gene sequence similarity with Arhodomonas aquaeolei HA-1. Analysis of the genome predicted a number of catabolic genes for the metabolism of benzene, toluene, 4-HBA, and PAA. The predicted pathways were corroborated by identification of enzymes present in the cytosolic proteomes of cells grown on aromatic compounds using liquid chromatography-mass spectrometry. Genome analysis predicted a cluster of 19 genes necessary for the breakdown of benzene or toluene to acetyl coenzyme A (acetyl-CoA) and pyruvate. Of these, 12 enzymes were identified in the proteome of toluene-grown cells compared to lactate-grown cells. Genomic analysis predicted 11 genes required for 4-HBA degradation to form the tricarboxylic acid (TCA) cycle intermediates. Of these, proteomic analysis of 4-HBA-grown cells identified 6 key enzymes involved in the 4-HBA degradation pathway. Similarly, 15 genes needed for the degradation of PAA to the TCA cycle intermediates were predicted. Of these, 9 enzymes of the PAA degradation pathway were identified only in PAA-grown cells and not in lactate-grown cells. Overall, we were able to reconstruct catabolic steps for the breakdown of a variety of aromatic compounds in an extreme halophile, strain Seminole. Such knowledge is important for understanding the role of Arhodomonas spp. in the natural attenuation of hydrocarbon-impacted hypersaline environments.
H
ypersaline environments, such as oil fields, industrial effluents, and coastal ecosystems, are often contaminated with high levels of petroleum hydrocarbons (1, 2) . Among these, oil and gas production sites pose the greatest risk of soil and groundwater contamination due their large numbers all over the world. They are not only contaminated with a complex mixture of hydrocarbons but also display a wide range of salinities, from very low up to saturated brines. The arid coastlines of Gulf countries are highly saline and susceptible to oil spill and environmental damage. Waste streams from pesticides, chemicals, and pharmaceuticals generate large quantities of highly saline wastewaters (3) . Effective bioremediation of such contaminated environments by conventional microorganisms cannot be achieved because salt affects their growth and the bioavailability of hydrocarbons (1, 4) . Therefore, halophilic and halotolerant organisms that degrade hydrocarbons have received considerable attention in recent years due to their potential use in the remediation of hydrocarbonimpacted high-salinity environments.
In the last 2 decades, studies have documented the ability of bacteria, archaea, and a few eukaryotes to degrade hydrocarbons under moderate-to high-salinity conditions (5, 6) . Among bacteria, members of the genera Halomonas, Marinobacter, and Alcanivorax have been widely reported to degrade aliphatic and aromatic compounds over a broad range of salinities (1, (6) (7) (8) (9) . The majority of published reports indicate that Halomonas spp. are capable of degrading n-alkanes, phenolics, and benzoates, but little information exists about their capacity to degrade benzene, toluene, ethylbenzene, and xylenes (BTEX) and polyaromatic hydrocarbons (PAHs). On the other hand, Marinobacter and Alcanivorax have been reported to degrade mainly aliphatic compounds, BTEX, and PAHs, but not much is known about their ability to degrade phenols and benzoates under moderate-to high-salt conditions (6) .
Among archaea, Haloferax (10-13), Haloarcula (13, 14) , and several members of Halobacterium (12, 13, 15) have been shown to degrade both aliphatic and aromatic hydrocarbons in high-salinity environments. Recently Erdogmuş et al. (16) isolated several archaea, including Halorubrum sp. and Halorubrum ezzemoulense, that grew on p-hydroxybenzoic acid, naphthalene, phenanthrene, and pyrene as the sole sources of carbon at 20% salinity.
Although these studies provide evidence for degradation of aliphatic and aromatic compounds under high-salt conditions, little is known about genes, enzymes, and metabolic pathways for these compounds. A few recent studies have revealed the presence of genes encoding catechol 1,2-dioxygenase (1,2-CAT), catechol 2,3-dioxygenase (2,3-CAT), and protocatechuate 3,4-dioxygenase (3,4-PCA) enzymes in several strains of phenol-and benzoatedegrading Halomonas spp. (17) (18) (19) (20) . Kim et al. (21) isolated a benzoate-and p-hydroxybenzoate-metabolizing halophile, Chromohalobacter sp. strain HS-2. Their work showed that benzoate induces the expression of benzoate 1,2-dioxygenase, 1,2-CAT, and 3,4-PCA, while p-hydroxybenzoate only induced the expres-sion of p-hydroxybenzoate hydroxylase (PobA). Similarly, a few hydrocarbon-degrading archaea belonging to the genera Haloferax, Haloarcula, Halobacterium, and Halorubrum have also been shown to possess catabolic enzymes similar to those from nonhalophiles (14, 16, 22) . However, in-depth studies are needed to understand the degradation pathways and steps leading to intermediates that enter the tricarboxylic acid (TCA) cycle in organisms that withstand high salinity.
In this article, we report the isolation and metabolic potential of a novel halophile, Arhodomonas sp. strain Seminole, from an enrichment culture developed from a crude oil-impacted brine soil. Strain Seminole degrades benzene, toluene, phenol, protocatechuic acid, 4-hydroxybenzoic acid, and phenylacetic acid as the sole sources of carbon and energy. A high-quality draft genome sequence of strain Seminole was used to predict genes involved in the degradation steps of the above aromatic compounds. The predicted pathways were corroborated by semiquantitative identification of enzymes expressed in the cytosolic proteomes of aromatic compound-grown cells using liquid chromatography-tandem mass spectrometry (LC-MS/MS).
MATERIALS AND METHODS
Chemicals and media. Toluene, ethylbenzene, hexadecane, and [
14 C]benzene with a specific activity of 33.2 mCi/mol were all purchased from Sigma-Aldrich, MO. The 14 C cocktail used for trapping 14 CO 2 was purchased from R. J Harvey Instrument Corp., NJ. Benzene, three isomers of xylene (meta-, para-, and ortho-xylenes), phenol, and sodium benzoate were purchased from Fisher Scientific, PA. Catechol (CAT), phenylacetic acid (PAA), and 4-hydroxybenzoic acid (4-HBA) were purchased from Alfa Aesar, MA. Gentisic acid (GA) and protocatechuic acid (PCA) were purchased from MP Biomedicals, OH. All other chemicals were of analytical grade and were used without further purification. The composition of mineral salts medium (MSM) used in this study was previously described (23) . MSM was supplemented with 2.5 M NaCl and yeast extract (0.01%) for all experiments unless mentioned otherwise. For solidified medium, 1.5% (wt/vol) agar was added prior to autoclaving.
Isolation of strain Seminole. A highly enriched microbial consortium, Sem-2 enrichment (23) capable of completely degrading BTEX within 1 to 2 weeks, was used for the isolation of a benzene-degrading halophilic bacterium. A 10-fold serial dilution of the enrichment was plated onto MSM agar plates supplemented with 1 M NaCl and Luria broth (1/10 total strength) and incubated at 30°C until growth was observed. Individual colonies were tested for their ability to degrade benzene by growing them in 120-ml-capacity serum bottles containing 45 ml of MSM supplemented with 2.5 M NaCl and 2 l (25 mol) of neat benzene. Bottles were closed with Teflon-coated septa and aluminum caps. Headspace samples were withdrawn periodically and monitored for consumption of added benzene by gas chromatography (GC) as described previously (23) . The culture that showed benzene degradation was selected for further characterization.
16S rRNA gene analysis of strain Seminole. Total genomic DNA of the isolate was extracted using the UltraClean soil DNA kit (MO BIO Laboratories, Inc., CA). To obtain a nearly full-length sequence of the 16S rRNA gene, PCR was performed using two primer sets: 27F [5=-AGAGT TTGATC(A/C)TGGCTCAG-3=] and 1492R [5=-TACGG(C/T)TACCTT GTTACGACTT-3=] (24) and 27F and 1098R (5=-AAGGGTTGCGCTCG TTGCG-3=) (25) . PCR was performed in a 50-l reaction mixture as described previously (26) . The 16S rRNA gene sequence obtained was compared with sequences in the GenBank nr database using the BLASTN program at NCBI (27) . A phylogenetic tree was constructed using the maximum likelihood method in MEGA6 (28) .
Ecological distribution of strain Seminole. To screen for Arhodomonas sp.-like phylotypes in samples from different locations, specific primer pairs 1465R (5=-GTCTCGACCACACCGTGG-3=) and 206F (5=-GTTTC ATGGTCACGCCGA-3=) were designed using the probe design function in the ARB software package (29) . The primers were validated by querying them using the probe match function in the Ribosomal database Project (30) . Contaminated as well as uncontaminated soil, water, or sediment samples with various levels of salinity were collected from different locations. These include (i) soil from a brine pit at site B, Skiatook, OK, (ii) soil from the Great Salt Plains National Wildlife Refuge, OK, (iii) a water sample from the Dead Sea, Israel, (iv) soil contaminated by a produced water spill from the Tall Grass Prairie Preserve, OK (31), (v) hydrocarbonimpacted saline soil from Kuwait, (vi) soil from an east Texas Chevron site, (vii) sediment and water samples from the base of a mangrove tree in Cabo Rojo, Puerto Rico (32), (viii) soil from a salt-manufacturing plant in Freedom, OK (32) , and (ix) wastewater from the Ramat-Hovav Industrial Park, Negev Desert, Israel (33) .
DNA extraction, PCR amplification, cloning, and sequencing for the ecological distribution study. Genomic DNA was extracted using an Ultraclean soil DNA isolation kit (MO BIO Laboratories, Inc. CA) and FASTDNA spin kit for soil (MP Biomedicals, OH). Genomic DNA was pooled and nested PCR was performed with bacterial primers 27F and 1492R using a protocol described previously (34), followed by Arhodomonas sp.-specific primers 206F and 1465R to screen for 16S rRNA genes of Arhodomonas spp. PCR was performed in 50-l reaction mixture that contained 2 l of the first-reaction PCR product, 1ϫ PCR buffer (Teknova, CA), 2.5 mM MgSO 4 , 10 mM deoxynucleoside triphosphate (dNTP) mixture, 1 U of Taq DNA polymerase, and 10 M each forward and reverse primers. PCR with Arhodomonas sp.-specific primers was carried out according to the following protocol: initial denaturation at 94°C for 3 min, followed by 30 cycles of denaturation at 94°C for 1 min, annealing at 54°C for 55 s, and elongation at 72°C for 2 min. A final elongation step at 72°C for 8 min was included. All samples were PCR amplified in triplicate. The resulting PCR products of the expected size (approximately 1,250 bp) were gel purified using a QIAquick gel extraction kit (Qiagen, CA). The purified products were then cloned into Escherichia coli TOP10 using a TOPO TA cloning kit (Invitrogen, CA) and sequenced at Oklahoma State University Recombinant DNA/Protein Core Facility (Stillwater, OK). The sequences obtained were compared with those in the GenBank nr database using the BLASTN program in NCBI (27) . A phylogenetic tree was constructed in MEGA6 to highlight the phylogenetic affiliation of the clones obtained in this study with sequences of closely related Arhodomonas spp. in GenBank (28) .
Growth and maintenance of strain Seminole. The strain was maintained in 1-liter bottles with 500 ml of MSM supplemented with 2.5 M NaCl and 250 mol of neat benzene as the sole source of carbon. At the end of 4 weeks, 50% of the content was replaced with fresh MSM containing 2.5 M NaCl, and the pH was adjusted to neutral with 1 N NaOH. This bottle served as the mother culture for all experiments performed in this study.
Degradation of BTEX by strain Seminole. Strain Seminole was grown in 120-ml serum bottles filled with 45 ml of MSM supplemented with 2.5 M NaCl and inoculated with 5 ml of actively growing culture (62 g biomass protein) from the mother bottle. Bottles were amended with 22 to 25 mol of neat benzene, toluene, ethylbenzene, or three isomers of xylene (meta-, para-, and ortho-xylene) as the sole sources of carbon and energy. These bottles were closed with Teflon-coated rubber septa and aluminum crimps and incubated in an inverted position at 30°C. Autoclaved control bottles were set up similarly. The BTEX concentrations were monitored periodically by GC as described previously (23) . Culture samples (1 ml) were removed periodically for protein estimation by the Lowry method (35) . Similarly, microcosms were set up to evaluate the ability of strain Seminole to degrade benzene at different concentrations of NaCl ranging from 0 to 4 M. Mineralization of benzene by the strain was determined by setting up microcosm bottles amended with [ 14 C]benzene. The production of 14 CO 2 from [ 14 C]benzene was analyzed after an incubation period of 3 weeks as described previously (36) .
Growth of strain Seminole on benzoates and phenolics. Degradation of benzoate, phenol, 4-HBA, CAT, PCA, GA, PAA, and hexadecane, was studied in 250-ml Erlenmeyer flasks containing 100 ml of MSM supplemented with 2 M NaCl and filter-sterilized individual aromatic compounds incubated separately at 30°C without shaking under aerobic conditions. Degradation was monitored as depletion of the added compound using a UV spectrophotometer by scanning over specific wavelengths ranging between 200 and 400 nm. Growth was measured by estimation of total protein by the Lowry method (35) .
Genome sequencing and assembly. The detailed procedure for the sample preparations was described previously (37) . DNA was sheared to the size of ϳ2 kbp using nebulization at 30 lb/in 2 and Ϫ20°C for 2.5 min as described previously (38) . Smaller fragments were removed using SPRI beads (catalog no. 000130) (39) . DNA fragments were then end repaired (polished) by treating them with DNA polymerase and T4 polynucleotide kinase as described previously (37) . Adaptors were then ligated using DNA ligase and end repaired using DNA polymerase. Single-stranded DNA molecules were then captured using DNA capture beads, emulsion PCR was performed as described previously (37) , and the resulting amplified products were then run on 454 GS20 according to the recommendation of the manufacturer. Flows from the 454 system were assembled using Newbler, the 454 assembly software. Three different trimming lengths were used from the 454 system to reduce the number of artificial contigs produced due to poor qualities at the end of the contigs. The results were then utilized for assembly using Phrap.
Genomic analysis of hydrocarbon degradation potential. The genome was uploaded to the Integral Microbial Genomes (IMG) server (http.//img.jgi.doe.gov) of the Joint Genome Institute for genome predictions, comparisons, and analysis. The clusters of orthologous groups (COGs) of protein sequences from strain Seminole were analyzed using the function category tool of the IMG. A one-sample t test was used to evaluate the statistically significant differences of gene abundances in each COG category between strain Seminole and other genomes of hydrocarbon-degrading halophiles deposited in the IMG bacterial genome database. A total of 10 genomes of hydrocarbon-degrading halophiles were used for comparative COG analysis.
The draft genome sequence of strain Seminole was screened for aromatic compound-degrading genes using a locally installed standalone BLAST software package (version 2.2.6). Genes encoding enzymes involved in various aromatic hydrocarbon degradation pathways that have been characterized in other organisms and deposited in the NCBI database were searched using BLASTp against the predicted peptides in the strain Seminole genome (27) . The putative functions of the open reading frames (ORFs) predicted to be involved in aromatic compound degradation were confirmed by BLASTp search in the Uniprot database (40) . The direction of transcription of the predicted genes and their relative positions on the contigs were determined by using GeneMark.hmm for Prokaryotes software (41) .
Preparation of cell extracts. For proteomic studies, sufficient biomass was obtained by growing strain Seminole on lactate as described previously (42) . Briefly, strain Seminole was grown on 5 mM lactate, fed twice as the sole source of carbon. At the end of the log growth phase, cells were centrifuged at 8,000 rpm for 15 min at 4°C, and the pellet was washed twice with sterile 0.14 M NaCl. The pellet was resuspended in MSM containing 2 M NaCl and used as an inoculum for the induction of enzymes involved in toluene, 4-HBA, or PAA degradation. Lactate-grown cells devoid of the respective hydrocarbon served as the control. Cells were harvested by centrifugation at 8,000 rpm for 15 min at 4°C. The cell pellets were washed once with 0.14 M NaCl and once with Tris-EDTA (TE) buffer (10 mM Tris-HCl, 1 mM EDTA [pH 8.0]). The pelleted cells were resuspended in TE buffer and disrupted using sonication (5 cycles of 15 s each). The protein concentration was determined by the Bradford method (43) .
Proteome analyses. Protein extracts were prefractionated on 12% SDS-PAGE gels and stained with Coomassie blue, and each lane was excised into 3 slices. Gel slices were destained by extensive washing with 50% acetonitrile-50 mM ammonium bicarbonate (pH 8), dehydrated with 100% acetonitrile, and dried briefly. Dried acrylamide pieces were rehydrated with 50 mM ammonium bicarbonate and reduced with Tris (2-carboxyethyl) phosphine hydrochloride for 1 h at room temperature. After incubation, the reducing buffer was replaced with 55 mM iodoacetamide in 50 mM ammonium bicarbonate, and samples were alkylated for 1 h at room temperature in the dark. Samples were then rinsed with ammonium bicarbonate, dehydrated with acetonitrile, and rehydrated/infiltrated with trypsin solution (8 g trypsin per ml in 50 mM ammonium bicarbonate). After overnight digestion at 37°C, the trypsinolytic peptide products were extracted with 0.5% trifluoroacetic acid and analyzed by LC-MS/MS using an LTQ-OrbitrapXL mass spectrometer (ThermoFisher Scientific, MA) basically as described by Voruganti et al. (44) but with a 40-cm column packed with 3-m Magic C 18 AQ particles (Bruker, MA). Proteins were identified by using Mascot (v2.2.2 from Matrix Science, Boston, MA) and a database generated by in silico digestion of the strain Seminole proteome predicted from the genome, as well as sequences for 114 common adventitious laboratory contaminants (http: //www.thegpm.org). Peptide and protein identifications were validated using Scaffold (v4.0.6.1; Proteome Software, Inc., Portland, OR) using the ProteinProphet and PeptideProphet algorithms (45) , with a minimum of 2 peptides identified and at protein thresholds that yielded a 1% false discovery rate for the data set. Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony. Differences in protein expression were analyzed by spectrum counting (46) , comparing each protein's spectrum counts from extracts of cells cultured in lactate, toluene, 4-HBA, or PAA as indicated. Statistical significances in the total spectral counts were determined by Student's t test (2-tailed, equal variance) using a P value of Ͻ0.05 as the significance cutoff.
Nucleotide sequence accession numbers. The 16S rRNA gene sequence of Arhodomonas sp. clones obtained from this study have been deposited in the GenBank database under accession no. KJ829488 to KJ829496. The protein sequences of benzene-, toluene-, 4-HBA-, and PAA-degrading ORFs were deposited in the GenBank database under accession no. JX311705 to JX311717 and KJ829497 to KJ829529.
RESULTS AND DISCUSSION
Isolation and characterization of the benzene-degrading strain Seminole. Our understanding of the biology and genetic potential of halophilic and halotolerant microorganisms that degrade hydrocarbons in moderate-to high-salinity environments is severely lacking: consequently, we don't have the ability to use the natural potential of these organisms in the cleanup of contaminated hypersaline environments. Here, we describe the isolation and metabolic potential of a novel halophile, Arhodomonas sp. strain Seminole, which is capable of degrading benzene as the sole source of carbon and energy. Strain Seminole was isolated from a Sem-2 enrichment culture that was developed using soil obtained from an oil production facility in Oklahoma (23) . The isolate is a Gramnegative, rod-shaped (0.5 by 2 to 3 m in length), oxidase-positive, and catalase-negative bacterium. Figure 1 shows the phylogenetic relationship between strain Seminole and other halophiles according to their 16S rRNA gene sequences. A maximum likelihood tree was constructed using the 16S rRNA gene sequences of the members in Gammaproteobacteria that are halophilic or halotolerant and that degrade aromatic hydrocarbons. The strain formed a tight clade with Arhodomonas sp. strain Rozel, isolated in our laboratory from Rozel Point, UT (42) , Arhodomonas aquaeolei strain HA-1 isolated from petroleum reservoir production fluid from Oklahoma (47) , and Arhodomonas recens strain RS91, isolated from acidic brines of flotation enrichment from potassium minerals from Silvinit Co., Solikamsk, Russia (48) . The strain shares 98, 97, and 96% sequence similarity, respectively, with Arhodomonas sp. strain Rozel, Arhodomonas recens strain RS91, and Arhodomonas aquaeolei strain HA-1. Furthermore, the strain also clustered with members of the genera in the Alkalispirillum-Alkalilimnicola group that are salt-tolerant haloalkaliphiles isolated from soda lake environments (49) . In addition, analysis showed that Arhodomonas spp. formed a distinct cluster from that of other aromatic hydrocarbon-degrading halophiles/halotolerants belonging to Gammaproteobacteria, such as Marinobacter spp. and Halomonas spp.
In order to understand the diversity and adaptability of Arhodomonas spp. in different ecological niches, we analyzed soil, sediment, and water samples from both hydrocarbon-contaminated and uncontaminated sites with various levels of salinity (see Table  S1 in the supplemental material). The presence of Arhodomonas sp.-like organisms was confirmed by using Arhodomonas-specific primers, cloning, and sequencing of the PCR products. A phylogenetic tree using the 16S rRNA gene sequences of Arhodomonas spp. clones obtained in this study as well as sequences from the NCBI database was constructed. This limited survey revealed that the sequences formed two major clusters, despite their diverse habitats and geographic origin, each cluster harboring organisms from both hydrocarbon-contaminated as well as uncontaminated saline sites (see Table S1 and Fig. S1 in the supplemental material). Interestingly, Arhodomonas sp. strain 50B226 a3 (accession no. EU308280) from a Greek solar saltern did not cluster with other Arhodomonas spp. Also, Arhodomonas sp. strain SP71 (accession no. JF798749) from Santa Pola solar salterns and Arhodomonas sp. strain (accession no. KJ829495) from sediment from mangrove roots formed a distinct cluster. Since most of these organisms are not available in pure culture, determination of their ecophysiology and phylogenetic diversity cannot be fully interpreted.
Biodegradation of benzene and toluene by strain Seminole. Strain Seminole was able to degrade 20 to 22 mol of benzene in a period of 10 days in the presence of 2.5 M NaCl. The degradation of benzene was coupled to increased total cell protein, suggesting that strain Seminole was able to utilize benzene as the carbon and energy source (Fig. 2) . The strain also degraded toluene, but no degradation of ethylbenzene or xylenes was observed (data not shown). In order to further evaluate the stoichiometry of benzene oxidation, separate experiments were carried out with [
14 C]benzene. Evidence for mineralization of benzene by the strain was determined by measuring 14 CO 2 from [ 14 C]benzene as described previously (36) . Approximately 40 to 60% of the added [
14 C]benzene was converted to 14 CO 2 in a period of 3 weeks (data not shown), further suggesting utilization of benzene as the carbon source. The strain was also tested for its ability to degrade benzene at various salt concentrations ranging from 0 to 4 M NaCl. The strain was able to degrade 24 to 34 mol of benzene within 2 to 3 weeks in bottles containing 1 to 2.5 M NaCl, with the maximum rate at 2 M NaCl (Fig. 3) . Longer incubations (5 weeks) showed 60% degradation of benzene in bottles containing 3 M NaCl. Benzene was not degraded at 4 M NaCl in 5 weeks (data not shown). Also, no benzene degradation was observed in bottles amended with 0 and 0.5 M NaCl, thus suggesting that the strain requires salt for growth; hence, it is a halophile. To further test the organism's halophilic nature on other substrates, we grew the organism on lactate as the sole carbon source in both the presence and absence of 2 M NaCl. The results showed that the organism grew on lactate only in the presence of 2 M NaCl, and no growth occurred in the bottles devoid of added salt, further suggesting that it is a true halophile (data not shown).
Biodegradation of benzoates and phenolics by strain Seminole. Strain Seminole was able to degrade phenol, 4-HBA, PCA, and PAA as the sole sources of carbon, as shown in Table 1 . A lag period of 7 days was consistently observed when the organism was grown on 4-HBA, whereas no lag was observed when grown on PCA. The strain was able to grow on PAA, but only 45% disappearance of the substrate was observed over a period of 35 days of incubation. No growth was observed with benzoate, CAT, GA, and hexadecane even after 35 days of incubation. These results are consistent with the genome analysis. Although we detected ringhydroxylating dioxygenases in the genome, no specific genes that code for enzymes catalyzing the initial step in the breakdown of benzoate, GA, and hexadecane pathways were detected. The organism's inability to grow on catechol is puzzling since this compound was predicted to be an intermediate in the benzene and toluene degradation pathway. We do not know the exact reason for this.
General genome features. The draft genome of strain Seminole has a single chromosome of 5,026,701 bp with a GϩC content of 66.27%. The chromosome contains 5,180 predicted protein-coding genes (coding DNA sequences [CDS]) with an average size of 955 bp, giving a coding intensity of 86.87%. Analysis revealed 48 tRNA genes and 1 rRNA operon in the chromosome (see Table S2 in the supplemental material). Of the 5,180 CDS, 2,978 could be assigned to 22 different categories of clusters of orthologous groups (COGs) (see Table S3 and Fig. S2 in the supplemental material). Comparative analysis of the gene abundances of each COG category between the genome of strain Seminole and the genomes of 10 other hydrocarbon-degrading halophiles in IMG (http.//img.jgi.doe.gov) was evaluated using a one-sample t test. The abundances of genes related to amino acid transport and metabolism (11.34%), carbohydrate transport and metabolism (6.71%), and secondary metabolite biosynthesis, transport, and metabolism (4.17%) were significantly higher (P Ͻ 0.05) in the Seminole genome than the average abundances of 9.92%, 4.93%, and 3.25%, respectively, in the genomes of other 10 hydrocarbon-degrading halophiles (see Table S3 ). These results clearly suggest the organism's efficient carbohydrate and amino acid acquisition and metabolism for energy.
Genomic and proteomic elucidation of aromatic compound degradation pathways in strain Seminole. Analysis of the draft genome of strain Seminole predicted a number of catabolic ORFs encoding enzymes involved in the upper and lower degradation pathways of benzene, toluene, 4-HBA, and PAA. Most of these putative ORFs were found clustered together on the chromosome. BLASTp analysis of these ORFs against the UniProt database was performed to infer their catabolic functions (40) . To further validate these predictions and identify the proteins involved in degradation pathways, we performed 1-dimensional (1-D) gel electrophoresis-based proteomic analysis (SDS-PAGE in combination with LC-MS/MS) of the cytosolic proteome of cells grown on lactate (control), toluene, 4-HBA, or PAA. Student's t test was used to determine whether the total spectral counts were significantly different between the lactate-grown and aromatic compound-grown proteomes.
(i) Degradation of benzene and toluene via the catechol ring cleavage pathway. Using the draft genome, we identified 19 ORFs (ORFs 1079 to 1097) arranged in a sequential fashion that code for proteins required for complete degradation of both benzene and toluene to acetaldehyde and pyruvate that can eventually enter the central metabolism ( Table 2 ). The analysis showed that ORFs 1079 to 1084 encode a multicomponent phenol hydroxylase (PH)-like enzyme predicted to be involved in ring hydroxylation of benzene and toluene to form CAT and 3-methylcatechol, respectively. No genes homologous to those coding for benzene monooxygenases, benzene dioxygenases, toluene monooxygenases, and toluene dioxygenases that catalyze the initial ring oxidation steps were identified in the genome of strain Seminole, further 
FIG 3 Rate of benzene degradation at different NaCl concentrations ().
Serum bottles containing 45 ml of MSM, 2 l of neat benzene, and concentrations of NaCl ranging from 0 to 4 M were inoculated with 5 ml (ϳ62 g cell protein) of strain Seminole. Benzene was degraded at the maximum rate in the presence of 2 M NaCl, and no degradation was observed in the presence of 0, 0.5, and 4 M NaCl even after incubation for more than 4 weeks.
supporting our assertion that enzymes homologous to PH are responsible for the initial steps in benzene and toluene degradation in strain Seminole. ORFs 1086 to 1097, which were predicted to encode enzymes for meta-cleavage of CAT or the 3-methylcatechol degradation pathway, were found to be contiguous with the ORFs 1079 to 1084 ( Fig. 4A ; Table 2 ). A similar genetic organization of PH genes coupled with the CAT meta-cleavage pathway has been described in Pseudomonas sp. strain CF600 (50), Comamonas testosteroni TA441 (51), and Cupriavidus necator JMP134 (52). In the case of benzene metabolism, ORF 1086 (2,3-CAT) catalyzes the ring fission of CAT to 2-hydroxymuconic semialdehyde, and thus the formed ring cleavage product is further converted to 2-hydroxypent-2,4-dieneoate by the activities of ORFs 1090, 1097, and 1095, which code for 2-hydroxymuconic semialdehyde dehydrogenase, 4-oxalocrotonate tautomerase (4-oxalocrotonate isomerase), and 4-oxalocrotonate decarboxylase, respectively. In the next step, 2-hydroxypent-2,4-dieneoate is hydroxylated to 4-hydroxy-2-oxovalerate by ORF 1092, which codes for 2-hydroxypenta-2,4-dienoate hydratase. Thus, formed 4-hydroxy-2-oxovalerate is split into acetaldehyde and pyruvate by ORF 1094, which codes for 4-hydroxy-2-oxovalerate aldolase. Acetaldehyde is converted to acetyl coenzyme A (acetyl-CoA) by ORF 1093, which codes for acetaldehyde dehydrogenase (Fig. 4B) . Genomic analysis suggests that similar enzymes participate in the breakdown of toluene. For example, ORF 1086 catalyzes the ring cleavage of 3-methylcatechol to 2-hydroxy-6-oxo-2,4-heptadienoate. The thus-formed ring cleavage product is a ketone rather than an aldehyde, it cannot be further oxidized by the 2-hydroxymuconic semialdehyde dehydrogenase, and it is exclusively metabolized via the hydrolytic route (53) . ORF 1091 codes for 2-hydroxymuconic semialdehyde hydrolase, which catalyzes the hydrolysis of 2-hydroxy-6-oxo-2,4-heptadienoate to 2-hydroxypent-2,4-dienoate, which is further converted to acetyl-CoA and pyruvate by steps identical to those in the benzene metabolism pathway (Fig. 4C) .
Proteomic analysis was performed to corroborate the predicted ORFs. Of the predicted 19 ORFs involved in complete metabolism of toluene, we were able to identify 12 gene products that were significantly abundant (P Ͻ 0.05) in the proteome of toluene-induced cells compared to those in lactate-induced cells (Table 2) . For example, four of the putative components of the PH complex, ORFs 1080, 1082, 1083, and 1084, were highly expressed, with average spectral counts of 61, 60, 5, and 35, respectively, in the proteome of toluene-grown cells. Based on these results, we predict that the PH catalyzes the oxidation of benzene and toluene to corresponding 1-hydroxylated intermediates, such as phenol and o-or m-cresol, respectively, in the first step. Thus-formed phenol and o-or m-cresols are converted to CAT and 3-methylcatechol, respectively, in the second step of oxidation ( Fig. 4B and  C) . Multicomponent PHs are soluble diiron monooxygenases that can hydroxylate a variety of aromatic compounds, including benzene, toluene, naphthalene, phenol, and methyl-substituted phenols (54) .
Also identified in the proteome of toluene-grown cells was 2,3-CAT (ORF 1086), responsible for the meta-cleavage of 3-methylcatechol and other downstream enzymes responsible for the conversion of ring cleavage intermediates to central metabolites. These included 2-hydroxymuconic semialdehyde dehydrogenase (ORF 1090), 2-hydroxymuconic semialdehyde hydrolase (ORF 1091), 2-hydroxypenta-2,4-dienoate hydratase (ORF 1092), acetaldehyde dehydrogenase (ORF 1093), 4-hydroxy-2-oxovalerate aldolase (ORF 1094), and 4-oxalocrotonate decarboxylase (ORF 1095). Analysis showed that some of the gene products were also detected in the lactate-grown cells but at significantly low levels ( Table 2 ). The presence of low levels of these proteins could be due to the residual toluene in lactate-grown cells or could be induced Table 2 . Multiple arrows indicate two or more steps.
by the presence of structurally similar metabolic intermediates of aromatic amino acids in the cells.
(ii) 4-Hydroxybenzoate degradation pathway via protocatechuate. Strain Seminole was able to utilize 4-HBA as the sole source of carbon in the presence of 2 M NaCl. Genomic analysis revealed the presence of a complete set of genes (pob and pca) required for the 4-HBA degradation pathway, where 4-HBA is converted to PCA that undergoes ortho-ring cleavage and enters the ␤-ketoadipate pathway to form intermediates that will be assimilated via the TCA cycle (Fig. 5) . Analysis showed that pob and pca genes are clustered together on a 21.6-kb contig of the genome. The pob genes were shown to encode the initial enzymes required for the 4-HBA degradation pathway, and the pca genes encode enzymes required for the downstream PCA branch of the ␤-ketoadipate pathway (Fig. 5B) . The pob genes include pobA (ORF 3919), which encodes 4-hydroxybenzoate 3-monooxygenase, catalyzing the conversion of 4-HBA to PCA, and the pobR genes (ORF 3920 and 3921), which encode the AraC family transcriptional regulatory enzyme that activates the expression of the pobA gene in response to 4-HBA (55). The pca genes responsible for the conversion of PCA to ␤-ketoadipate included ORF 3916, which encodes ␣ and ␤ subunits of the 3,4-PCA (PcaGH) that catalyzes the conversion of PCA to ␤-carboxymuconic acid, which is transformed into 4-carboxymuconolactone by ORF 3910, encoding 3-carboxy-cis, cis-muconate cycloisomerase (PcaB). ORF 3915 codes for 4-carboxymuconolactone decarboxylase (PcaC), which converts 4-carboxymuconolactone into ␤-ketoadipate enol-lactone, which is then hydrolyzed by the product of ORF 3914, encoding 3-oxoadipate enol-lactonase (PcaD), into ␤-ketoadipate (Fig. 5B) . ORFs 3911 and 3912 encode ␤-ketoadipyl succinyl-CoA transferase (PcaIJ), which catalyzes the conversion of ␤-ketoadipate to ␤-ketoadipyl-CoA. The cluster also includes the pcaF gene, which codes for ␤-ketoadipyl CoA thiolase (ORF 3913), which catalyzes the last step transforming ␤-ketoadipylCoA to succinyl-CoA and acetyl-CoA (56), which can enter the TCA cycle. The pcaR gene (ORF 3917), which encodes the Icl-R type family transcriptional regulator required for inducible expression of pcaBCDIJF for conversion of ␤-carboxy-cis, cis-muconate to the TCA intermediates, was also clustered on the same contig (56) .
Analysis of the cytosolic proteome of 4-HBA-grown cells has identified 6 key proteins involved in 4-HBA degradation pathway, substantiating the genome-predicted pathway (Table 3) . These included 4-hydroxybenzoate 3-monooxygenase (ORF 3919), a homolog of PobA in Chromohalobacter sp. strain HS2 (21) that is responsible for the conversion of 4-HBA into PCA. The thusformed PCA undergoes ring cleavage at the ortho position to form ␤-carboxymuconic acid and is catalyzed by 3,4-PCA encoded by ORF 3916. This is an important enzyme because PCA is a key intermediate produced from decaying lignin and other industrial aromatic compounds (56) . Our proteomic analysis showed that a significant amount (average spectral count of 53) of ORF 3916 gene product was detected only in 4-HBA-grown cells compared to lactate-grown cells (Table 3) . Also detected were 3-oxoadipate enol-lactonase (ORF 3914), ␤-ketoadipyl succinyl-CoA transferase A and B subunits (ORFs 3911 and 3912), and a regulatory protein (ORF 3917). All of these proteins were detected only in the 4-HBA-grown cells and not in the lactate-grown cells. The differences in spectral counts between the two samples were significantly different according to Student's t test (Table 3) . These results clearly show the physiological and genetic ability of an extreme halophile to completely assimilate aromatic compounds originating from decaying plant material and environmental pollution in high-salinity environments. The genetic organizations of Table 3. the upper pathway (pob genes) and lower pathway (pca) vary in different 4-HBA-degrading organisms. They are either found clustered together in a contiguous pattern or scattered over several portions of the genome. For example, the pob and pca genes were found clustered in two different locations in Cupriavidus necator JMP134 (52), were in three clusters in Burkholderia xenovorans LB400 (57), and were dispersed throughout the chromosome in Polaromonas sp. strain JS666 (58) . However, in the Seminole genome, all of the genes needed for 4-HBA are located on one contig clustered together. Similar organization of pob and pca genes into one supraoperonic cluster was also reported in Acinetobacter sp. strain ADP1 (59) .
(iii) Phenylacetate degradation pathway. Strain Seminole is also capable of degrading PAA as the sole source of carbon in the presence of 2 M NaCl. Our in silico analysis showed that the PAA catabolic pathway encodes protein in five putative functional units: (i) a substrate-activating protein, phenylacetyl-CoA ligase (PaaF), (ii) a ring hydroxylation complex (PaaGHIJK), (iii) a ring-opening protein (PaaN), (iv) a ␤-oxidation-like system (PaaACDE), and (v) two regulatory proteins (PaaX and PaaY) (60) . Several investigators have used a different nomenclature to describe the paa genes, and in this article, we have adapted the system used by Luengo et al. (61) . Analysis of the draft genome of Seminole revealed 15 ORFs putatively involved in complete PAA catabolism organized in distinct clusters on three different contigs (Fig. 6A) . ORF 2986 encodes phenylacetyl-CoA ligase (PaaF), which catalyzes the initial step of activation of PAA into phenylacetyl-CoA (PA-CoA) (62) . PA-CoA is converted to ring 1,2-epoxyphenylacetyl-CoA by ORFs 2877 to 2881, which code for a ring oxygenase/reductase multicomponent complex (PaaK, PaaJ, PaaI, PaaH, and PaaG). ORFs 2877 to 2881 were found clustered together on contig 670 of the draft genome along with ORF 2883, which codes for a transcriptional regulator (PaaX) that controls the regulation of PAA degradative genes (Fig. 6A) (63) . ORF 4130 codes for ring 1,2-epoxyphenylacetyl-CoA isomerase, which rearranges the epoxide ring 1,2-epoxyphenylacetyl-CoA into 2-oxepin-2-(3H)-ylideneacetyl CoA (oxepin-CoA). ORF 4128 (paaN) encodes a putative ring-opening enzyme that catalyzes the hydrolytic cleavage of the oxepin-CoA ring to form the intermediate, 3-oxo-5,6-dehydrosuberyl-CoA (63) . ORFs 4129, 4131, and 4133 (paaA, -C, and -E) code for enoyl-CoA hydratase, 3-hydroxybutyryl-CoA dehydrogenase, and ␤-ketoadipyl-CoA thiolase, respectively. These enzymes are similar to fatty acid ␤-oxidation enzymes and catalyze the ␤-oxidation of the ring-opened intermediate, leading to the formation of acetyl-CoA and succinylCoA, which enter the TCA cycle (Fig. 6B) (64) . ORF 4133 encodes ␤-ketoadipyl thiolase (PaaE), which converts 3-oxo-5,6-dehydrosuberyl-CoA to 2,3-dehydroadipyl-CoA, releasing an acetyl-CoA molecule (Fig. 6B) . ORF 4129 encodes a putative hydratase that catalyzes the conversion of 2,3-dehydroadipyl-CoA into 3-hydroxyadipyl-CoA, which is further converted into ␤-ketoadipylCoA by ORF 4131 (paaC) encoding a 3-hydroxybutyryl-CoA de- hydrogenase that has 58% sequence identity to 3-hydroxyacyl-CoA dehydrogenase (65, 66) . As in the previous step, ORF 4133 (␤-ketoadipyl thiolase) thiolytically cleaves the ␤-ketoadipyl-CoA intermediate to produce acetyl-CoA and succinyl-CoA (64), which enters the TCA cycle. ORF 4127 (paaY), which encodes a regulatory protein, was also found clustered together with ORFs 4129 to 4133 (paaAB-CDE) on a 32,605-bp contig, 724 (Fig. 6A) . Of the 15 ORFs predicted bioinformatically, 10 proteins of the paa genes were more abundant in extracts of PAA-grown cells than in those of lactate-grown cells (Table 4) . These included the paaF-encoded protein phenylacetyl-CoA ligase (ORF 2986) and paaGHIK-encoded proteins that are known to be the core subunits of the phenyacetyl-CoA epoxidase (ORFs 2881, 2880, 2879, and 2877). Also identified were PaaY, a putative regulator (ORF 4127), PaaN (ORF 4128), the ring-opening protein, PaaB (ORF 4130), the oxepin-CoA-forming protein, and PaaC and -E (ORFs 4131 and 4133), which are involved in the ␤-oxidation-like steps of PAA degradation (Table 4) .
Our analysis shows that like many nonhalophiles, strain Seminole degrades PAA using an aerobic hybrid strategy that incorporates features of both aerobic and anaerobic degradation steps (61, 65) . The first step is the CoA-dependent activation step (oxygen independent), in which PAA is converted to PA-CoA by a PA-CoA ligase (PaaF), and the thus-formed PA-CoA is transformed by a multicomponent oxygenase (aerobic step) into its ring 1,2-epoxide, which becomes an oxepin-CoA intermediate that undergoes hydrolytic cleavage to form an aliphatic compound that is channeled through a ␤-oxidation-like mechanism to form acetyl-CoA and succinyl-CoA (66, 67) . The paa genes are widely found in many phylogenetically unrelated bacteria (61). Our observations that PAA is degraded by a similar hybrid pathway in strain Seminole extends this mechanism to organisms living in high-salinity environments. In silico analysis shows that all 15 genes are arranged in clusters and distributed on three different contigs in the Seminole genome. Similar studies in nonhalophiles indicate that even though the arrangements of paa genes differ among different organisms, some features remain common to most described paa clusters (65) . For example, genes encoding the ring-hydroxylating system (PaaGHIJK) and ␤-oxidation system (PaaACDE) are usually clustered together in most paa systems, either at the same or different locations on the chromosome (65) . A similar organization was also found to exist in the Seminole genome, where ORFs 2877 to 2881 (ring hydroxylating) and ORFs 4129 and 4131 to 4133 (␤-oxidation system) are clustered on two different contigs (Fig. 6A) .
The present work utilized a combination of genomic and proteomic approaches to elucidate degradation pathways for a variety of aromatic compounds at high salinity in a novel halophile, Arhodomonas sp. strain Seminole, isolated from a contaminated brine. Arhodomonas spp. are found to be widely distributed in contaminated as well as uncontaminated environments with various salinities, suggesting their important role in the natural atten- Table 4 . Multiple arrows indicate two or more steps. uation of petroleum compounds. Our data clearly demonstrate that the pathways and enzymes involved in the degradation of aromatic compounds in strain Seminole are similar to those described in nonhalophiles. Although halophilic proteins perform similar functions to their nonhalophilic homologs, they differ from their nonhalophilic homologs by maintaining stability and activity at high salinity. This is partly due to the low hydrophobicity of the protein core and the excess negative charge on the protein surface that is reflected in the low pI values of their proteins (68) . A similar observation was made for some of the hydrocarbon-degrading proteins identified in strain Seminole (see Table S4 in the supplemental material). These proteins displayed relatively low pI values (theoretical) compared to their nonhalophilic homologs. Low pI is mostly due to high content of acidic residues like glutamate and aspartate on the surface of the proteins that forms a hydration shell to protect the enzyme from aggregation under high salinity (69, 70) . These unique features enable halophilic proteins to function efficiently under extremely saline conditions, where nonhalophilic proteins lose their activity (69) .
With the draft genome, we were able to predict putative steps and requisite enzymes that catalyze degradation pathways of several aromatic compounds, including benzene, toluene, phenol, 4-HBA, PCA, and PAA. Furthermore, many of the predicted enzymes were identified using proteomic tools. It is important to point out that some of the predicted genes were not detected in the proteomic analysis. We surmise this could be due to low expression levels or the possibility that the genes were expressed at different times during the degradation process. We believe such an attempt to reconstruct metabolic steps using "-omics" tools represents a reliable platform for the development of strategies aimed at the exploitation of halophiles.
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